Increased body weight (BW) gain during the juvenile period leads to early maturation of the reproductive neuroendocrine system. We investigated whether a nutritional regimen that advances the onset of puberty leads to alterations in the hypothalamic neuropeptide Y (NPY) circuitry that are permissive for enhanced gonadotropin-releasing hormone (GnRH) secretion. It was hypothesized that NPY mRNA and NPY projections to GnRH and kisspeptin neurons are reduced in heifers that gain BW at an accelerated rate, compared with a lower one, during the juvenile period. Heifers were weaned at approximately 4 mo of age and fed diets to promote relatively low (0.5 kg/day; low gain [LG]) or high (1.0 kg/day; high gain [HG]) rates of BW gain until 8.5 mo of age. Heifers that gained BW at a higher rate exhibited greater circulating concentrations of leptin and reduced overall NPY expression in the arcuate nucleus. The proportion of GnRH neurons in close apposition to NPY fibers and the magnitude of NPY projections to GnRH neurons located in the mediobasal hypothalamus were reduced in HG heifers. However, no differences in NPY projections to kisspeptin neurons in the arcuate nucleus were detected between HG and LG heifers. Results indicate that a reduction in NPY innervation of GnRH neurons, particularly at the level of the mediobasal hypothalamus, occurs in response to elevated BW gain during the juvenile period. This functional plasticity may facilitate early onset of puberty in heifers.
INTRODUCTION
Accelerated growth and adiposity during the juvenile period advances the onset of puberty in various mammalian species [1, 2] , including cattle [3, 4] . The pubertal pattern of highfrequency release of luteinizing hormone (LH) is believed to occur as a response to enhanced gonadotropin-releasing hormone (GnRH) release following changes in afferent inputs to GnRH neurons [5] . Gonadotropin-releasing hormone neurons do not appear to be major direct targets of metabolic hormones [6, 7] ; thus, signals of nutrient sufficiency are likely perceived by metabolic-sensing cells that mediate the permissive effects of adequate growth and adiposity on timing the onset of puberty. Neuropeptide Y (NPY) neurons located in the arcuate nucleus (ARC) are considered a major cellular component of the metabolic-sensing network that mediates the nutritional control of reproduction. In ewes, a decrease in NPY expression is observed during pubertal transition [8] . Central administration of NPY delays the onset of puberty [9] and administration of an NPY antagonist advances pubertal progression in rats [10] . Those effects are probably a result of the inhibitory actions of NPY on GnRH release [11] . In heifers, increasing rates of body weight (BW) gain during the juvenile period are associated with a reduction in NPY expression [12] . Therefore, it is proposed that alleviation in NPY inhibition of GnRH secretion is permissive for the onset of puberty. Because the inhibitory effects of NPY on GnRH neuronal activity involve synaptic inputs [13, 14] , plasticity in cellular interactions between NPY and GnRH neurons may be involved in the physiological mechanisms by which GnRH secretion is regulated.
In addition to a potential direct regulation of GnRH neurons, NPY may also influence GnRH secretion via intermediate pathways. Kisspeptin has been investigated extensively for its potent stimulatory actions on GnRH secretion and for its role in pubertal development (for recent reviews, see Terasawa et al. [15] and Tena-Sempere [16] ). Neuropeptide Y neuronal projections are observed in close proximity [17] and appear to form synaptic inputs to kisspeptin neurons [18] , indicating that NPY may also influence kisspeptin neuronal activity. Therefore, NPY may inhibit GnRH release indirectly via inhibition of kisspeptin neurons, reinforcing maintenance of low GnRH secretory activity during the juvenile period. In the studies reported herein, we tested the hypothesis that increased BW gain during the juvenile period decreases NPY expression in the ARC and NPY projections towards GnRH and kisspeptin neurons. To test this hypothesis, we used a well-established experimental model in which puberty is advanced in early-weaned heifers fed high-concentrate diets during the juvenile period [3, 4, 19] .
MATERIALS AND METHODS
All animal-related procedures used in this study were approved by the Institutional Agricultural Animal Care and Use Committee of the Texas A&M University System.
Animals, Animal Procedures, and Nutritional Regimens
Twenty-four spring-born crossbred (ł Bos taurus, ¼ Bos indicus) beef heifers from the McGregor Research Center of Texas A&M University (McGregor, TX) were weaned at approximately 3.5 mo of age and relocated to the Nutrition and Physiology Center at Texas A&M University (College Station, TX). Heifers were stratified by date of birth and assigned randomly to either low-gain (LG) or high-gain (HG) groups in two replicates (n ¼ 6 per group per replicate). Heifers were fed individually using the Calan gate feeding system (American Calan Inc., Northwood, NH) after an acclimation period of 3-4 wk. Feed was offered once daily and individual feed intake was controlled to promote an average gain of 0.5 kg/day in the LG group or 1.0 kg/day in the HG group. The amount of diet offered to each heifer was adjusted biweekly according to individual requirements to achieve the target BW gain. Total mixed diets (Table 1) were formulated using the Large Ruminant Nutrition System (http://nutritionmodels.tamu.edu/lrns.html), which is based on the Cornell Net Carbohydrate and Protein System [20] . To accommodate changes in the nutrient requirements of heifers throughout the experimental period, two diets were formulated. Diet 1 was offered for the first 8 wk of the experiment, and diet 2 was offered for the remainder of the experiment. The transition from diet 1 to diet 2 was made by gradually increasing the proportion of diet 2 in the total feed offered for a period of 4 days.
Body weight and blood samples (10 ml) were obtained biweekly from each heifer before the morning feeding. During the last 4 wk of the experiment, blood samples were collected twice weekly for determination of circulating concentrations of progesterone. At the completion of the experiment, heifers were 8-8.5 mo of age and presumed to remain prepubertal, with earliest puberty expected at 9 mo of age in HG heifers [4] . Heifers were killed following humane procedures after an overnight fasting. Additional blood samples were obtained at killing. The brain was removed from the cranium, and a block of tissue containing the septum, the preoptic area (POA), and hypothalamus was dissected. Ovaries were examined postmortem for the visual presence of luteal tissue.
Hormone Assays
Solid-phase radioimmunoassay (Coat-A-Count Progesterone Kit; Siemens, Los Angeles, CA) was used to determine concentrations of progesterone in serum as described previously [21] . Sensitivity of the assay was 0.1 ng/ml, and intra-assay and interassay coefficients of variation averaged 3.5% and 9.2%, respectively. Circulating concentrations of leptin were determined in serum by radioimmunoassay as described previously [22] . Minimum detectable concentration was 0.1 ng/ml, intra-assay coefficient of variation averaged 9.5%, and interassay coefficient of variation averaged 10%.
Determination of NPY mRNA in ARC Heifers allocated to replicate 1 (n ¼ 6 per dietary group) were used for this experiment. After killing, the blocks of tissue dissected from the brains were frozen in dry ice and stored at À808C until processing. Blocks were cut in 10 series of 20-lm coronal sections using a cryostat. Sections were thaw-mounted onto SuperFrost Plus slides and stored at À808C. Serial sections, 200 lm apart, were used for detection of NPY mRNA by isotopic in situ hybridization.
A complementary RNA probe was synthesized from a DNA template containing a 325-bp sequence of the ovine NPY cDNA linked to RNA polymerase promoters. The template was produced by PCR from the linearized pKS Bluescript plasmid containing a partial ovine NPY cDNA provided graciously by Dr. Gilles Bruneau (Institut National de la Recherche Agronomique, Nouzilly, France) [23] following procedures described previously [24] . Briefly, the initial PCR used the primers 5 0 -GCCAGCAC GATGCTGGGTA-3 0 and 5 0 -GAGAGCAAGTCTCATTTCCCATCAC-3 0 to amplify an NPY-specific sequence. A second reaction was performed using the product of the first reaction as template and primers tagged with the T3 and T7 RNA polymerase promoter sequences. Primers used in the second reaction were: 5 0 -AATTAACCCTCACTAAAGGGGCCAGCACGATGCTGGGTA-3 0 (T3 promoter in bold) and 5 0 -TAATACGACTCACTATAGGGAGAGAG CAAGTCTCATTTCCCATCAC-3 0 (T7 promoter in bold). The PCR product was sequenced and the sequence obtained was aligned to the available B. taurus genomic database using BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The cDNA obtained was 98% identical to the bovine NPY cDNA.
Sense and antisense 35 S-radiolabeled cRNA probes were synthesized by in vitro transcription using the DNA template described above. In situ hybridization procedures were performed as described previously [25] , except that sections were 1) dried at 558C for 10 min before fixing with 4% paraformaldehyde, and 2) incubated in 50% deionized formamide in 43 sodium chloride-sodium citrate for 1 h (prehybridization) before the application of hybridization solution containing the radiolabeled probe. After completion of hybridization procedures, sections were air dried, dipped in photographic emulsion (NBT-Kodak Inc., Rochester, NY), and exposed in the dark at 48C for 28 days. After developing, sections were counterstained with Cresyl violet, dehydrated, and covered with a glass coverslip using DPX. Controls included incubation of sections with sense probe.
The number of NPY-expressing cells was determined in sections observed using dark-field illumination (Nikon Eclipse 80i microscope; Nikon Inc., Melville, NY) as described previously [25] . For each heifer, three representative hemisections (either right or left side) were chosen from each rostral and caudal ARC, and seven representative hemisections were chosen from the middle portion of the ARC according to anatomical subdivisions described previously in sheep [25] . For determining expression per cell, 10, 30, and 5 NPY-expressing cells, distributed into at least 2, 3, and 1 representative sections of the rostral, middle, and caudal ARC, respectively, were selected for image capture. The cells were selected randomly after visualization of the field and exclusion of those that were superimposed with any artifact. Images were captured with a Nikon DS-Qi1 digital camera (Nikon) using bright-field illumination and a 403 objective. The NIS-Elements software (Nikon) was used for image analysis.
NPY Projections to GnRH and Kisspeptin Neurons in Juvenile Heifers
Blocks of hypothalamic tissue collected after killing from heifers in replicate 2 were sliced into approximately 3-to 5-mm coronal sections, placed in embedding cassettes, and incubated in 0.1 M phosphate buffer (PB) containing 4% paraformaldehyde for 48 h at 48C. Paraformaldehyde solution was replaced after 24 h of incubation. Tissue was then incubated in PB containing 30% sucrose at 48C for 7-10 days to allow for sucrose infiltration. Tissue blocks were cut at 50-lm coronal sections in series of four using a freezing microtome. Sections were placed in a cryopreservative solution [26] and stored at À208C until processeing for immunohistochemistry. Coronal sections were cut sagittally in halves and used for immunofluorescence detection of NPY, GnRH, and kisspeptin following procedures similar to those reported previously [27] .
Dual-label immunofluorescence detection of NPY and GnRH. Primary antibodies used included the rabbit antiserum against NPY (1:50 000 dilution; catalogue no. N9528; Sigma, St. Louis, MO) [28] and the mouse monoclonal against GnRH (1:10 000 dilution; catalogue no. SMI-41R; Covance, San Diego, CA) [27] . Detection of NPY immunoreactivity was performed using biotinylated goat anti-rabbit (1:400 dilution; catalogue no. BA-1000; Vector Laboratories, Burlingame, CA) and Alexa 555-conjugated streptavidin (1:250 dilution; catalogue no. S-21381; Invitrogen, Carlsbad, CA). Detection of GnRH immunoreactivity was performed using Alexa 488-conjugated goat anti-mouse immunoglobulin G (IgG; 1:200 dilution; catalogue no. A-11001; Invitrogen). a Heifers were fed diet 1 from Weeks 0 to 8, and diet 2 from Week 9 to the end of the experiment. DM, dry matter.
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Controls for the dual immunofluorescence included the omission of each primary antibody and preabsorption of anti-NPY with 0.8 lM synthetic sequence corresponding to the ovine NPY (catalogue no. N6269; Sigma). These procedures eliminated fluorescent signal for the corresponding antigen. Dual-label immunofluorescence detection of kisspeptin and NPY. The rabbit anti-kisspeptin 10 serum (1:250 000 dilution; AC no. 564) [29] and rabbit antiserum against NPY (1:50 000 dilution; Sigma) [28] were used in this procedure. To enhance detection of immunoreactive signals for kisspeptin, sections were submitted to antigen retrieval following the principles of Shi et al. [30] . For this, sections were incubated in 10 mM sodium citrate solution (pH 6) in a water bath at 908C for 18 min immediately after removal of the cryoprotectant, and they were allowed to cool to room temperature for 20 min before incubation in 1% hydrogen peroxide. To minimize cross-reactivity of the secondary antibody used to detect NPY with the primary antibody for kisspeptin 10, the tyramide amplification procedure following the principles of Hunyady et al. [31] was used as reported previously [27] . Briefly, following overnight incubation with rabbit anti-kisspeptin10 antibody, sections were incubated with biotinylated goat anti-rabbit IgG (1:400; Vector Laboratories), streptavidin-conjugated horseradish peroxidase (Vectastain Elite ABC; Vector Laboratories), and biotinyl-tyramide (1:400; PerkinElmer, Boston, MA). Alexa 555-conjugated streptavidin (1:250; Invitrogen) was used to detect kisspeptin immunoreactivity. Alexa 488-conjugated goat anti-rabbit IgG (1:200; catalogue no. 21235; Invitrogen) was used to detect the rabbit anti-NPY antibody. Controls for the dual-label procedure included omission of first primary antibody (rabbit anti-kisspeptin10), preabsorption of the first primary antibody with 3 lM ovine kisspeptin decapeptide obtained by custom synthesis (American Peptide Company Inc., Sunnyvale CA), and omission of the amplification procedure. Omission of the second primary antibody (rabbit anti-NPY) and preabsorption of the second primary antibody solution with 0.8 lM peptide corresponding to the ovine NPY (Sigma) were also performed. These procedures eliminated the fluorescent signal for each corresponding antigen.
Analysis of tissue and imaging. Tissue sections were observed using an epifluorescent microscope (Nikon Eclipse 80i; Nikon). The density of NPYcontaining fibers was analyzed in digital images captured with a 103 objective and the Nikon DS-Qi1 camera connected to the microscope. Procedures for quantification of fiber density followed a method described previously [32] . Comparable areas within the POA, periventricular area (PeV), ventromedial and dorsomedial (DMH) nuclei, lateral hypothalamic area, paraventricular nucleus, ARC, and median eminence (ME) were selected. The POA was subdivided into anterior, middle, and posterior portions, corresponding to the regions anterior to, at the level of, and posterior to the organum vasculosum of the lamina terminalis. Representative images of three sections were obtained for each area and analyzed using the NIS-Elements software. A threshold signal was established and used to normalize all images within the anatomical division of interest before analysis. A region of interest (ROI) of 200 lm in diameter was placed over the image, and the proportional area containing detectable signal was determined. The ROIs were distributed randomly within the area analyzed, but avoiding blood vessels or eventual artifacts and tissue folding. In each image obtained, six ROIs were used for all areas analyzed, except that only three ROIs were used for the ME.
The number of GnRH neurons in sections encompassing the POA and anterior hypothalamus (AHA) was determined in all half-sections (27.6 6 2.8) processed for each heifer. Because the number of GnRH neurons located in the mediobasal hypothalamus (MBH) of cattle is limited [33] , both the left and right halves of sections were used to determine the number of GnRH cells in the MBH. On average (6SEM), the number of hemisections analyzed in the MBH was 11.0 6 2.0. All GnRH-containing cell bodies/proximal dendrites (average, 167.9 6 14.5; range, 74-210) in the POA/AHA and in the MBH (average, 25.7 6 5.9; range, 0-66) in each heifer were evaluated to determine the number of NPY varicosities in close proximity. Close-appositions were determined by visualization of direct contacts between NPY-containing varicosities and GnRH-immunoreactive cell bodies and proximal dendrites observed in the same focal plane using a 403 objective. To assess the accuracy of this method, images of selected sections containing 10 representative GnRH neurons were acquired in Z-stacks of 1-lm optical sections using a Zeiss 510 Meta NLO laser-scanning confocal microscope (Zeiss, Heidelberg, Germany). The comparison of close apposition data obtained by visual counts using the epifluorescent microscope (68 close-appositions per 10 GnRH neurons) and by confocal image analysis (67 close-appositions per 10 GnRH neurons) resulted in 98.5% concordance. Gonadotropin-releasing hormone neurons observed in close proximity to 10 or more varicosities were classified as highly innervated and the number of close appositions per cell was assigned as 10.
The number of kisspeptin-immunoreactive cell bodies was determined in comparable sections encompassing the rostral, middle, and caudal ARC (three representative sections of each area) for each heifer. All kisspeptin cells (mean 6 SEM, 37.7 6 5.6 in the rostral, 62.0 6 13.6 in the middle, and 12.9 6 2.7 in the caudal ARC, respectively), identified in all processed ARC sections (mean 6
Similarly to the NPY/GnRH method, close-proximity was defined as direct apposition between NPY-containing varicosities and kisspeptin-immunoreactive soma and proximal dendrites observed in the same focal plane using a 403 objective. Kisspeptin neurons in close proximity to 10 or more varicosities were classified as highly innervated, and the number of appositions per cell was assigned as 10.
Statistical Analyses
Body weight and serum concentrations of leptin were analyzed using the PROC MIXED procedure of SAS (SAS Inc., Cary, NC). The main effects of dietary group, replicate, experimental week, and appropriate interactions were tested using mixed models for repeated measures. Week was used as the repeated variable, and heifer within dietary group was used as the subject. The mean number of cells containing NPY mRNA in the ARC and the area covered by silver grains (in pixels) per cell were compared between dietary groups using the t-test procedure. The proportion of GnRH and kisspeptin neurons in close proximity to NPY-containing fibers, and the proportion of GnRH and kisspeptin neurons highly innervated by NPY fibers, were normalized using the arcsine-square root transformation approach. The normalized proportions, as well as the total number of GnRH and kisspeptin neurons, the mean number of NPY close-appositions per cell body and proximal dendrite, and the area covered by NPY fibers in the POA and various hypothalamic regions were compared between dietary groups using the t-test procedure. Each hypothalamic area investigated was analyzed independently.
RESULTS
One heifer in the LG group of replicate 1 exhibited elevated serum concentration of progesterone (1.7 ng/ml) and presence of luteal tissue in the ovary on the day of slaughter. Therefore, data obtained from this heifer were excluded from all analysis.
Mean BW at the beginning of the study did not differ between groups (Fig. 1A) . Body weight increased in both groups and, as predicted by the experimental design, the average daily gain was greater (P , 0.01) in the HG (1.05 6 0.02 kg) than in the LG (0.52 6 0.02 kg) group. Beginning at Week 6, the mean BW was greater (P , 0.01) in the HG than in the LG group and remained greater until the end of the experiment, when heifers were approximately 8.5 mo old (Fig.  1A) . No effect of replicate was observed.
Mean circulating concentrations of leptin did not differ between treatments at the beginning of the experiment (Fig.  1B) . Similar to changes in BW, mean concentrations of leptin were greater (P , 0.01) in the HG than in the LG group beginning at Week 6 of the experiment. With the exception of Week 8, mean concentrations of leptin were greater in the HG group for the remainder of the experiment (Fig. 1B) . Mean circulating concentrations of leptin remained low throughout the duration of the study in the LG group and were not influenced by week of the experiment.
NPY mRNA in the Arcuate Nucleus
Cells expressing NPY were detected throughout the entire extent of the ARC, with most cells observed in the middle portion of the ARC (Fig. 2, A-C) . The number of cells containing NPY mRNA in the rostral and caudal regions of the ARC did not differ between groups. However, the number of NPY-containing cells was approximately three times less (P , 0.01) in the middle ARC of HG than in LG heifers (Fig. 2C) . In addition, the abundance of NPY mRNA per cell was consistently less (P , 0.05) in HG heifers in all three subregions of the ARC (Fig. 2D) .
PLASTICITY IN NPY-GnRH CIRCUITRY IN HEIFERS

Density of NPY Projections
Neuronal fibers containing immunoreactive NPY were observed throughout the POA and hypothalamus. The area covered by NPY signal ranged from 3.3% to 11% in the various areas investigated. The density of NPY projections did not differ between the groups, except for the caudal portion of the ARC (P , 0.03) and DMH (P , 0.01), in which NPY fiber density was reduced by approximately 40% in HG heifers.
NPY Projections to GnRH Neurons in Juvenile Heifers
Immunoreactive GnRH neurons were observed scattered in a rostral to caudal continuum extending from the septum to the MBH. Because studies in the sheep have indicated that GnRH neurons located in the MBH are functionally distinct from GnRH neurons in rostral aspects of the hypothalamus [34] , the POA and AHA populations of GnRH neurons were examined separately from the MBH population. The average number of immunoreactive GnRH neurons detected in the POA/AHA (167 6 15 neurons) and in the MBH (26 6 6 neurons) did not differ between groups of heifers.
A considerable proportion of GnRH cell bodies and proximal dendrites located in the POA and hypothalamus were observed in close proximity to NPY-containing varicosities (Fig. 3A) . Likewise, NPY and GnRH fibers were observed intermingling in the external zone of the ME (Fig. 3B, b) . However, the frequency of observation of this anatomical relationship of NPY and GnRH fibers was not recorded. Elevated BW gain during the juvenile period reduced (P , 0.05) the proportion of GnRH neurons in close-apposition to NPY fibers in the POA/AHA and MBH (Fig. 4C) . In addition, a decrease (P , 0.01) in the mean number of NPY close contacts per GnRH cell body and proximal dendrites was also observed in the HG group. However, this alteration was observed only in the GnRH neuronal population located in the MBH (Fig. 3D) . Unique to GnRH neurons in the MBH was also an approximately 50% reduction (P , 0.01) in the percentage of neurons highly innervated by NPY fibers in HG heifers (Fig. 3E) .
NPY Projections to Kisspeptin Neurons in Juvenile Heifers
The detection of kisspeptin-immunoreactive cells in the POA/PeV was highly variable, with few or no cells detected in most heifers. Therefore, the number of kisspeptin-immunoreactive cells was not analyzed in the POA/PeV population. In the ARC, kisspeptin-containing cells were detected throughout the extension of the nucleus and were often observed in proximity to NPY fibers (Fig. 4, A-C) . However, no consistent difference in the number of kisspeptin cells observed in the various subdivisions of the ARC was detected (Fig. 4D ). In addition, the percentage of kisspeptin cells in close proximity to NPY fibers did not differ between LG and HG heifers (Fig.  4E) . The average number of NPY varicosities in close proximity to kisspeptin cells in the ARC was 4.1 6 0.2 and did not differ between groups.
DISCUSSION
Nutritional status during the juvenile period has a critical role in timing the onset of puberty in females. Results of the studies reported herein support the hypothesis that alterations in NPY-GnRH circuitry are involved in the process by which increased rates of BW gain during the juvenile period accelerate the maturation of the reproductive neuroendocrine system in heifers. These alterations include a reduction in NPY expression in the ARC and NPY projections to GnRH neurons. Most noticeable was the considerable decrease in NPY innervation of GnRH neurons located in the MBH. Such change appears specific to distinct cell types because NPY projections to kisspeptin neurons, and overall NPY fiber density in most hypothalamic regions were not influenced by nutrition during the juvenile period. Therefore, regulation of NPY expression and plasticity in the NPY projections to GnRH neurons may contribute to the nutritional programming of pubertal development reported in earlier studies [4, 35, 36] .
The nutritional regimen used in the current study promoted successfully an average BW gain in the HG group that has been shown to advance puberty in heifers [3, 4, 19] . Importantly, the rate of BW gain achieved in the LG group is compatible with that of heifers that reach puberty by 15-16 mo of age [37, 38] . Thus, the experimental approach of increasing the rate of BW gain during the juvenile period is a useful model for investigating the mechanisms by which nutrition hastens pubertal onset in heifers. This was achieved without compromising nutrient requirements for target growth or promoting states of nutrient deficit that could lead to delayed puberty.
The influence of nutrition on pubertal development is well documented (for recent reviews, see Tena-Sempere [39] and Amstalden [40] ). The physiological mechanism by which nutrition influences the timing of pubertal onset involves the regulation of GnRH secretion [41] . The pubertal increase in the frequency of GnRH release is proposed to occur as a result of alterations in inhibitory and excitatory inputs that control 
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GnRH secretion [5, 42, 43] . In cattle and sheep, NPY inhibits the release of GnRH/LH in the presence and absence of estradiol [44, 45] . Neuropeptide Y inhibition of GnRH neuronal activity is mediated by NPY receptors [13, 14] and appears to occur by direct transsynaptic mechanisms [46, 47] . Hence, the close proximity between NPY fibers and GnRH neurons reported herein provides further support for a direct inhibition of GnRH release by NPY. Although the origin of the NPY projections that apparently innervate GnRH neurons was not determined in the current study, a study in sheep indicates that approximately 50% of GnRH neurons distributed throughout the POA and hypothalamus are adjacent to neuronal fibers originating in the MBH [48] . Moreover, because NPY neurons in the ARC uniquely colocalize agouti-related protein, studies in male mice indicate that more than 50% of the NPY axons innervating GnRH neurons originate in the ARC [49] . These observations support the hypothesis that NPY projections from ARC neurons are major afferent inputs to GnRH neurons, and that these projections are prone to alterations by rate of BW gain during the juvenile period.
In the current study, the relative reduction in the proportion of GnRH neurons that appear innervated by NPY in HG heifers was more prominent in the MBH (approximately 25%) than in the POA/AHA (approximately 10%). There is evidence that the MBH population of GnRH neurons is functionally distinct from those located in the POA and AHA. In sheep, in which GnRH neurons are distributed similarly to cattle [30, 50, 51] , experimental stimulation of episodic release of LH is associated with activation of GnRH neurons in the MBH [34] . Moreover, during pubertal transition in monkeys, the number of synapses with GnRH neurons decreases only in the GnRH neurons located in the MBH, and does not decrease in the POA [5] . Although the distribution of GnRH neurons in monkeys differs from that in cattle and sheep (because of the larger number of GnRH cell bodies distributed through the MBH and premammillary nucleus in primates [52] ), the evidence summarized above in sheep and monkeys suggests that GnRH neurons located more caudally in the diencephalon play a distinct role in the enhancement of the frequency of GnRH release during pubertal development. Therefore, diminished NPY innervation of GnRH neurons may represent a critical step in the mechanisms leading to the onset of puberty. The population of GnRH neurons located in the MBH appears particularly relevant in this process. 
PLASTICITY IN NPY-GnRH CIRCUITRY IN HEIFERS
Despite the considerable reduction in NPY projections to GnRH neurons induced by elevated rates of BW gain, no differences in NPY projections to kisspeptin neurons were observed in the current study. Kisspeptin signaling is critical for pubertal development [53, 54] , an effect that appears to occur by direct actions of kisspeptin on GnRH neurons [55, 56] . Increased kisspeptin immunoreactivity has been reported during pubertal development in mice [57] , rats [58, 59] , and ewes [60] , and greater release of kisspeptin appears to occur during pubertal transition in monkeys [61] . Accelerated BW gain during the prepubertal period, induced by reduced litter size [35] or feeding a high-fat diet [62] , increases kisspeptin expression and advances pubertal development in rats. Because NPY neurons project to kisspeptin neurons [17] , and these projections may form synaptic inputs [18] , regulation of NPY innervation of kisspeptin neurons may serve as an additional physiological mechanism by which juvenile nutrition influences the maturation of the reproductive neuroendocrine axis. However, contrary to our hypothesis, there was no evidence for plasticity in NPY projections towards kisspeptin neurons in the ARC. Whether changes in NPY projections to kisspeptin neurons become apparent at later stages of pubertal development in heifers is still to be determined. In addition, only a limited number of immunoreactive kisspeptin neurons were observed in the POA/PeV in the current study; thus, whether changes in NPY projections to kisspeptin neurons in the POA occur in response to juvenile nutrition could not be determined. Limited kisspeptin immunoreactivity in the POA has been reported in prepubertal ewes [60] and may be a result of exposure to low estradiol characteristic of the prepubertal state   FIG. 3 . Neuropeptide Y projections to GnRH neurons in heifers fed to gain BW at relatively high (1.0 kg/day; HG) or low (0.5 kg/day; LG) rates beginning at approximately 4.5 mo of age. Confocal microscope image (A) of a section processed for dual-label immunofluorescent detection of GnRH (green) and NPY (red) depicting NPY-containing varicosities in close apposition to two GnRH cell bodies and proximal dendrites. The GnRH neuronal cell body on the top is surrounded by numerous NPY-containing varicosities and represents a highly innervated neuron (arrowhead). Epifluorescent image (B) of a section processed for detection of GnRH (green) and NPY (red) depicting GnRH-and NPY-containing fibers in the median eminence. The inset (b) depicts a high-magnification image of GnRH and NPY fibers intermingled in the external zone of the median eminence (boxed area in B). C-E) The mean (6SEM) percentage of GnRH neurons observed in close apposition to NPY fibers (C), number of NPY close contacts to GnRH cell bodies and proximal dendrites (D), and percentage of GnRH neurons highly innervated (more than 10 close appositions) by NPY fibers (E) in the POA and AHA, and the MBH. High rate of BW gain during the juvenile period leads to an overall reduction of NPY projections to GnRH neurons, particularly in the GnRH neuronal population in the MBH. *P , 0.05 between HG and LG groups. **P , 0.01 between HG and LG groups. ZI, internal zone of the median eminence; ZE, external zone of the median eminence. Bars ¼ 25 lm (A), 100 lm (B), and 10 lm (b).
ALVES ET AL. [58] . Overall, regulation of NPY innervation of kisspeptin neurons does not appear to be a major mechanism by which nutrition controls the onset of puberty in heifers.
The observation of a decrease in NPY expression reported herein expands the observations of our earlier studies [12] and indicates that such reductions occur in all extensions of the ARC (as evidenced by the reduction in NPY expression per cell in the rostral, middle, and caudal portions), but largely in the middle portion of the ARC, as also demonstrated by the reduction in the number of cells expressing NPY. Altered NPY expression in the middle ARC, without changes in the rostral or caudal portions of the ARC, has been reported in rats during lactation, a physiological state of negative-energy balance [63] . This indicates that neurons originating at this portion of the ARC may have a more pronounced responsiveness to variations in nutrient balance. In ewes, it was observed that pubertal transition involves a reduction of NPY mRNA in the ARC [8] . Hence, the reduced NPY expression observed in HG heifers may denote advancement in the pubertal process compared with LG heifers. Furthermore, the reduction of NPY expression appears to be coupled with reduced release of NPY because diminished NPY concentrations in the cerebrospinal fluid obtained from the third ventricle were observed in heifers submitted to a nutritional regimen similar to that used in the current experiment [64] . These data support the idea that the negative influence of NPY on GnRH release is reduced during pubertal progression and allows for an elevation in the frequency of GnRH release.
In contrast to the decrease in NPY mRNA abundance in the ARC of HG heifers, diminished density of immunoreactive NPY fibers was limited only to the DMH and the caudal portion of the ARC. Neuropeptide Y fibers originating outside the ARC also contribute to NPY innervation of the POA and hypothalamus, and a lack of changes in NPY projections from non-ARC areas could mask potential alterations occurring in NPY fibers emanating exclusively from the ARC. However, expression of NPY in DMH and brainstem neurons that innervate the hypothalamus also increases in states of metabolic deficiency [63, 65] . Therefore, it is unlikely that hypothalamic contributions from DMH and brainstem populations of NPY neurons obscure the relevance of the NPY population in the ARC. Alternatively, it is possible that decreased release of NPY during states of elevated nutrition [45, 64] may result in peptide accumulation in fibers and contribute to the lack of clear, consistent differences in the density of fibers throughout the hypothalamus.
The notable decrease in the proportion of GnRH neurons considered highly innervated by NPY fibers selectively in the MBH-in the absence of changes in overall NPY fiber density in areas where the GnRH neuronal cell bodies are located or in the NPY innervation of kisspeptin neurons-indicates that plasticity of NPY projections is specific to target neuronal populations. Plasticity in NPY projections has been documented in response to metabolic challenges [66] . In addition, in our earlier study investigating the transcriptome of the ARC in juvenile heifers fed high-concentrate diets to promote high 
rates of BW gain [12] , we observed changes in the expression of several genes involved in synaptic plasticity. This indicates that structural changes in neuronal projections that regulate the GnRH neuronal activity may contribute to the nutritional control of reproductive neuroendocrine maturation.
The increase in circulating concentrations of leptin in response to elevated BW gain in heifers is in accordance with previous observations in our laboratory [12] . Concentrations of leptin in circulation are closely associated with metabolic status [67] and pubertal progression in heifers [68] . Leptin is considered a permissive and critical metabolic signal for reproductive maturation [69, 70] . Leptin regulates neurite outgrowth in the hypothalamus [71] and influences synapse formation [72] . Establishment of NPY neuronal projections in various hypothalamic areas, as well as synapses between NPY and efferent neurons, is also modulated by leptin [66, 71] . Therefore, elevated concentrations of leptin in the circulation of heifers gaining BW at high rates may play a role in the plasticity of NPY innervation of GnRH neurons. Leptin is also a potent inhibitor of NPY expression [73] . Therefore, in addition to potentially programming NPY projections that target GnRH neurons, sustained elevated concentrations of leptin in circulation may have a primary role in the reduced NPY expression in the ARC observed in HG heifers.
In conclusion, increased rates of BW gain during the juvenile period promote functional alterations in the NPYGnRH circuitry that are conducive for alleviating NPY inhibition of GnRH release. These include reduced NPY expression and NPY innervation of GnRH neurons in association with increased circulating concentrations of leptin. Such changes may mediate the nutritional programming of the reproductive neuroendocrine axis and facilitate an early onset of puberty in heifers.
